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Abstract. The current article is used to investigate the Hyers-Ulam stability (HUS) of Hadamard stochastic
fractional differential equations (HSFDE) by using a version of some fixed point theorem (FPT), a technical
lemma and some classical stochastic calculus tools. To show the interest of our results, we present two
examples. In this manner, we generalize some recent interesting results.

1. Introduction

The Hadamard fractional derivatives (HFD) explored by J. Hadamard in 1892 (see [15]). The kernel
of the integrand in the definition of fractional Hadamard derivative includes a logarithmic function with
arbitrary exponent unlike the Riemann-Liouville fractional derivatives.

The field of fractional Hadamard differential equations has attracted much attention by many scientists.
Numerous varieties of fractional Hadamard differential equations have been the subject of thorough study
in the literature (see [1, 2, 6,7, 9, 10, 12, 16-18, 20-22, 24]), including stability theory and associated issues.

Stochastic fractional differential equations (SFDE) are a powerful tool used to model complex real-world
phenomena. For recent results on the SFDE, we refer the reader to some works (see [5, 11, 13, 14, 19, 25]).
The stability analysis (SA) is a qualitative theory of differential equations. Then, the stability analysis
has received necessary attention in various research domains due to their applications. In particular,
existence and uniqueness results of solutions of SFDE have obtained a great perusal (see [2, 11]). Many
mathematicians have studied the HUS and its varied applications in various deterministic and SFDE. For
more details on this axis, see [3, 4, 13, 14, 19, 23].

In the literature, there is a few work on the HUS of HSFDE. In [8], the authors have investigated the
HUS of Caputo-HSFDE using the fixed point theorem. In this sense, our paper extend the work in [8] on
the case of HFD. The main advantages of our papers are as follows:

(i) investigate the HUS of HSFDE using the FPT.
(ii) generalize the work in [8].

The form of the paper are as follows: Section 2 is devoted to the basic notations and notions of HFD.
In section 3, we show the HUS of HFSDE. In Section 4, we give two theoretical examples to illustrate our
results. Section 5 is used to conclude our work.
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2. Basic notations

We consider a closed bounded interval I, = [1,a], a > 1. Let {Q, 7, F,, P}, where F, = {F,},,, be a
complete probability space and W(x) is a standard Brownian motion.

For each » € I,, we denote by X, = L*(Q), F,,P) the family of all [F,.-measurable and mean square
integrable functions v = (vy, -+, v2)" : Q = R? endowed with the following norm:

[lls = \im(|vz|2) = \/M

I=1

Definition 2.1. [17] For some function «, the Hadamard fractional integral of order  is given by

Fa(x) = % fl " (m%)t_l @dv, (> 0.

Definition 2.2. [17] The HFD with order ¢ € (0, 1) for a function a : [1, o) — R is given by
1 d *ou\ T av)
Hpmye _ - —
Dja(x) = Ta=n (%d%)ﬁ (lnv) ” dv.

dW(x)
dun '

Consider the HSFDE:

1D 0(30) = G (36, 0(2)) + Ca (¢, 0(20))

where the initial condition is I'™g(1) = ¢, for ¢ € R? and some measurable functions (;, (; defined by
G, G xR — R
Let us introduce the following assumptions that will be very useful later:

H,: There exists K > 0:

IC1(3¢, 71) = Ca(a¢, w2l + 11Ca (3¢, 11) — Co (3¢, )|l S K |Ir1 — 12l

for all (x,71, 1) € I, x RY x R%.
Hy: On the interval I,, the functions (; (-, 0), Ca(-, 0) satisfy:

f IC1 (L O)IP dl < o0, [ITa(-, 0)llee = ess sup lICa(l, O)I| < eo.
1

lel,

Theorem 2.3. [10] Given (C, 9) as a complete metric space and a contraction Q : C — C (with s € [0,1)). Assume
that g € T, 9(g,Q(g)) < o and ¢ > 0. So, there is a unique & € T satisfies Q&) = & Moreover, we have the
following identity:

(2
g, &) < T—

3. Stability results

Let H?(I,) be the family of all the processes w which are F,-adapted and measurable satisfying
sup ||(1n6)"'w(€)||, . < o. Let |||z be the norm on H?(1,) given by:
tel,

lwllg = sup ||(n0)~w ()|
Cel,
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Consequently, (H?(I), ||-llgz2) is a Banach space. For ¢ € Xj, consider R, : H*(I,) — H?(I,) the operator
defined as follows:

_ -1 ‘ RSICATCPN
Roy(x) = (Inx) r() r(l) f — 49 (2)

L LG(9, y(S))
%0 f 5 2 AW(S), Yy e HA(L).

Lemma 3.1. The operator Ry is well defined for all ¢ € X;.
Proof. Let y € H*(I,). Using (2), we can derive that:

. 1I¢||ms L t LGOYO)
lano= Ry, < ST0e r<l>z (Hf (in30)'” 1T ]
_ 1@(6 y(0)) ?
g (f e 5 ) ®

Now, applying the Cauchy-Schwarz inequality and Fubini’s theorem we get:

( f (20 (In9) (In9)"~ 1(1 —)L 1Md8’ ] @)

3
21-2
[ f (Inx)> 2 (In9)* 2 2 (0 §) dS]lE( f @) s,y dS)

Let us denote by T1(x) the first term of the second member of the inequality (4):

X

% (ln_)2t—2
- [ f (Inx)* 2 (In9)*2 STdSJ'
1

(InY)
(Inn)’

Thanks to the change of variable u = for x > 1, we get:

1
Ti(%) = (Inx)*™! ( f U221 - u)z“zdu) < (Inay* 'B@21-1,20-1), (5)
0

where B(-, ) is the beta function. Now using hypothesis H, for the second term of the second member of
the inequality (4), we have:

@D~ Ca, y@)|[| < 262 ||ty = yO|f + 2 (mly> > G, O)IP-

Therefore, we can deduce that:

IE( f || ¢, y(l))||2 dl) <2K*(a—1)|y||,p + 2 (tna)*™ fl 1C1(L, 0)]* dL. (6)
1

Thus, using (4), (5) and (6), we have:
( f (20" (In9)™ (In9)~ 1( S)L B Md&” ] %

S2(lna)2‘_1B(2L—1,2L—1)(‘K2(a—1)”yH]Hz+(lna)2_2‘ f ||C1(l,0)||2dl).
1
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Applying the Itd’s isometry formula for the third term of the second member of inequality (3), we obtain:

- 2
IE[ f (1m0~ (In®)™ (In9)" 1(1 s) 1de(S)H)
1
X > _ 20-2 “(lnS)l_L G, y(S))HZ
:]E[ j; (13072 (In9)? 2(17%) = as|. ®)

Moreover, applying hypothesis H; for inequality (8), we obtain:

079)' a8, yO)||* < 282 |19)' yO)|[* + 2 19 1Ca(:, O)IE, ©)
Therefore, plugging (9) into (8), it yields that:

= 2
[ f (Inx)' ™ (In9)' ™ (In9)'"~ 1( 9) 1 de(S)H )
20-2
< Z(K2 )]/H]Hz (f (ln%)z 2 (ln&)z‘ (l 8) “19‘2)

+211C(, O)IE, (f (I 21( s)“if)

It is not hard to see that:
% 22 2, XA
nxu n n— — | < [1(x).
| e o2 (i) Ti(x)
1

‘92

Moreover, we have:

A 21-2 A 21-2
2-20 (7. A% 1 2-2 A 1
fl (Inx) (lng) 5548 < (na) fl (ln S) 549,

(Ina)
21-1°

IA

Hence, we can easily deduce that:

( f 0 = 5y~ 6)[%(5 , ¥(6))

0
< 2% (Ina)* ' B2~ 1,20~ 1) |y, +2

)

7 lIC2 0)II%, (10)
Therefore, by (3), (7) and (10), we can prove that the operator R, is well defined. [J

(lna)

Let us introduce the following notation:

1 L0,2(9)
6 4

Definition 3.2. Equation (1) is Hyers-Ulam Stable with respect to € (HUSwre), if there is a number M > 0

satisfying: for each solution z € H*(I,) of the system (11), for each € > 0 and for all » € 1,, we have

U, %, 6,2(5)) = ()( ) Vs e [1, 1].

]E”(ZM)H( (%) — (Inx)"™! ( f Uy, %, 9,2(9))dd + f UG, 2,9, z(S))dW(S)))” 1)

I'"z(1) = ¢, (initial condition),
there exists a solution ¢ € H?(I,) of (1), with initial condition I'™o(1) = ¢, such that:

E ||(ln%)1“ (z(x) — Q(%))Hz < Me, VYu e,
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We now state the following Lemma which plays crucial role in this paper.

Lemma 3.3. For € (0,1), there exists Mg > 0 such that, for all u > 0,

t r
H1=Bo—ut fo (t- S)ﬁ_lsﬁ_le“sds < ﬁ (Mﬁ + %), vVt > 0.

Proof. We start by the following decomposition:

f
J(t) =t Fett f (t =) 1P etds = Ja(t) + Ta(t),
0
where 7 and J; are defined by:

J1(t)

£/2
Pt f (t = s)P 1P Letsds,
0

t
t1Pett [ (t = s)f1sP Lt s,
t2

1. Estimation of J1(t): For 0 < s < t/2, we have (¢ —s)f~! < (t/2)f~!. Then,

ut  t2 eHt
J1() < f sPletsds < —_1f sPtetsds.
0 261 Jo

So, we can establish that: forallf > 0

t T +
f Pletsds = Z f -1 4g = ,U TP )
0 =0 T! T+ ‘B

Ja(t)

720
_ tﬁ 1 ‘uT+1tT+1 t/; 1 Z (Mt)ﬂ—l T+1
(T+ﬁ (T+1)'T+ﬁ
ﬂg 1 ( )r+1

ﬁT LT+ 1)
It’s easy to show that:

11 Z (ut)™! = lﬁ(eut_1)= ltﬁ(eyt_l),
= pu p

B u L) it
1 gfer o1
) /Tyﬁw)( ut )

Hence, we obtain:

1—eH 1
= g 1(( L )S uPp2et

where the positive function H is defined by:

H(ut),

_ ol
H() = 1F le
Consequently, we can conclude that:
M
Jit) < —, (12)
U
where the constant Mg is given by:
Mg = sup (H(x)) . (13)

ﬁZ‘B 1 x>0
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2. Estimation of J(t):

t
Hi-Pett f (t —s)f~ L sPTet s,
5

Y 4 t 1
(5) t’ﬁe‘“tf(t—s)ﬁ‘ eHsds.
5

According to the change of variable | = t — s, we get:

J2(t)

(ﬁ)

1
-1 —yl
Ja(t) < o1 f I dl < Pt

Therefore, by (12) and (14), we obtain:

1 L'(B)
J@) < E(Mﬁ-’- 25_—1)

O

Leta > 1 and p > 0 such that:

2aK2 T -1)
= —— 1+ <1,
Cu 21T (1)2 (MZ‘ 17 THu

where the constant My,—; is given as in (13). Then, we define a norm ||-|| pon the space H?(I,) by:

E (|lewo= oco)

uk

||0Hy =\ Sup , VYoeH ().

It is not hard to show that ||:||z and ||| u are equivalent. Hence, (H*(I,), ||l u) is a Banach space.

Proposition 3.4. The operator Ry : H2(I,) — H2(I,) defined in (2) is contractive. Moreover, we have
[Rout = Rool|, < Veullu=oll,,  Vu,0e H(L).

Proof. Letu, v € H%(I,), by (2), we have Yx € I,

E (“(lnx)l_‘ Rytu(3¢) — (Inx)'™ R¢v(%)||2)

_ tl(clw u(®) - 49,09 , |
‘r()2 (Hf (i3 dSH]'

9

1- [ ‘ (G, u(®)) — (9, v(9)))
e (Hf (im0 s

Using Cauchy-Schwarz inequality and Fubini’s Theorem, we have:

[ f (Inx)'~ ‘(lnw)‘l( )‘”Z”w)1 (G, u(@) - Gw,0@) H]

w
<K% - 1) fl " P (n9) (ln%)

2z B ([0~ ) - o))
= a9

10224

(14)

(15)
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Moreover, by It6 isometry formula and Fubini’s Theorem, we get:

f 1-t 2
[” f 0 oy () 420 G0 = G600 dw(é)H]

5
0 (o 2 [|m0) ™ (Ca6,u(6)) — Ca(6, 0@
_]E[ fl (1nsc? 2 (1n6)* 2 (1n ) = s,
~ 2
o e Bl s - o@)l)
<K f1 (im0 (82 (in%) — ds.
Thus,
E ([[ans0"™ Ryu(e0) = ins) R0
27(2 2-21 21— (l E)ZL B 1-t
< Top f (x> (922 2L (”(lnS) (u(®) - 0(9))||)
2 (l %)ZL -2
Tor 2\ = ol f (Inx)* ™ (In9)*2 TS“dS. (16)
Now, let: ,
ds
i — I 2-21 1 821—2 Int —1 SZL_ZSH—.
0= [ Q= QnoP 2 e - o2 905

Thanks to the change of variable u = [nd, we can derive that

Int
h(t) = (Inty*™ f 1?72 (Int — u)* 2 et dy.
0

Using Lemma 3.3, we get:

tl

"0 < (MZL M)

2202

Then by (16), it is easy to deduce that (after some algebraic manipulations)
IRs = Roo], < Ve llu = ol

Then, the operator R is contractive. [J

Theorem 3.5. Assume that Hi-FH, hold. Then, the HSFDE (1) is HUSwre on I,.

Proof. 1t follows from (11) that: for all x € I,

E ||(ln%)1_‘ (200 - R¢,z(%))||2

uk

Then, using the definition of the norm ||-|| 4 given in (15), we have:
- <
1Roz = 2], <

By Theorem 2.3 and Proposition 3.4, there is a unique solution g such that I'"*g(1) = I'"'z(1) and:

~ Ve
||Q Z“p = 1- \/EH'
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Consequently, there exists C > 0 such that:

E || (120" (2(x) - 0G0)|[| < Ce, Vx € L.

4. Illustrative examples

In this section, we illustrate two examples to prove our results.
Example 1: Let the following HSFDE, for x« € [1,5] and for each € > 0, given by

D! () = G (3, 000)) + G (¢, 0(0)) 252,

]EH (20" (2(0) — (Ins0) 15 17)

(U@, 55,260 ds + [ U, %,5,2(5)dW(s) )||2 <e,

~z(1) = ¢,
where
&x) € HY([L5R)
Ci(x,&()) = (arctan(&(x)) + cos(E(x)))
Co(, E()) = ncos(&E(n)).

We will prove that equation (17) is HUSwre.
Let (x,&1,&2) € [1,5] X R X RP, thus

IC1(3¢, &1) — G106, DI < 211E1 = &all,
and
1C2(2¢, E1) — Ca(3¢, E)Il £ 511&1 — &all.

Hence, assumption H; fulfilled. Moreover,

5
IC2(+, O)llo = ess sup [IC2(x,0)[[ <5 and f 1C1(¢, 0)I* dx < 5.
n€[1,5] 1

Thus, Assumptions H;-H, fulfilled. Hence, applying Theorem 3.5, Equation (17) is HUSwre on [1, 5].
Example 2:
Let the following HSFDE, for » € [1,4] and for each € > 0, given by

HD 0(30) = G (%, 000) + Ga (%, 00) W2,

E|Jan30"4(2(0) - (e 5 (18)

(U@, 25, 26)ds + [ UCo, %,5,2(5)dW(s)) )||2 <e,

~z(1) = ¢,
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where
&x) € HY(L4LR)
GOGECD) = o (14 cosE0)
1+ &)
CZ(%IE(K)) = 1+%2 .

We will prove that equation (18) is HUSwre.
Let (x,&1,&2) € [1,4] X R? X RP, then

IC1(3¢, E1) = G0t I L N1E1 = &ll  and  [[Ca(x, &1) — Ca(3¢, &Il £ M1E1 = &all.
Thus, Assumption H; hold. On the other hand,

1C2(+, 0)lleo = ess sup [I[C2(%,0)[| <1 and f G (3¢, O)|Pdae < In (1 + e‘l).
1

nell,4]

Then, Assumptions H;-H, fulfilled. Hence, applying Theorem 3.5, Equation (18) is HUSwre on [1, 4].

| ‘(10g HS Q(’;)
(log k)'72(k)

| [ler e
o (log n)2() 7

1-7

141

0.23
12r
0.22

021

08 021

0.6 0.19
0.18 [
0.4 r
0.17

0.2 0.16 [

I I I I I I I I I I I I
1 15 2 25 3 35 4 4.5 5 1 15 2 25 3 35 4

Time (k) Time (k)
Figure 1: Trajectory simulation of solutions of System (17) Figure 2: Trajectory simulation of solutions of System (18)
on the interval [1,5]. on the interval [1,4].

Using MATLAB, we conduct a simulation based on Euler-Maruyama scheme with step size 10 for
both examples. Then, in Figure 1 (respectively Figure 2) we give the simulation trajectory (Inx)'o(x) and
(Inx)'='z(x) of System (17) (respectively System(18)) with the same initial condition I'~‘g(1) = I'"'z(1) = 0.1
(respectively I'"o(1) = I'"'z(1) = 0.15). Consequently, we can see from Figure 1, 2 that the solution
trajectory of the inequations (11) almost coincides with that of System (17) (respectively (18)). It follows
that the distance between (Inx)! ™ g(x) and (Inx)'~'z(x) is less than a constant which shows that System (17)
and (18) are HUSwre according to Definition 3.2.

5. Conclusion

We managed to utilize a version of some FPT and some classical stochastic calculus tools to present
stability results for HSFDE. Moreover, we show that under some conditions, there are functions satisfying
the equation roughly (in some way) that are close (in the HUS sense) to the exact solution.

In future work, we plan to extend these findings by generalizing our results to include Hadamard fractional
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stochastic differential equations with time delay. This expansion will enhance our understanding of the
dynamics and behavior of these equations and broaden the practical applications of our research.
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